We used double electron-beam coevaporation to fabricate TiO 2 -SiO 2 mixed films. The deposition process included oxygen partial pressure, substrate temperature, and deposition rate, all of which were real-time computer controlled. The optical properties of the mixed films varied from pure SiO 2 to pure TiO 2 as the composition of the films varied accordingly. X-ray diffraction showed that the mixed films all have amorphous structure with a SiO 2 content of as low as 11%. Atomic force microscopy showed that the mixed film has a smoother surface than pure TiO 2 film because of its amorphous structure.
Introduction
The adjustable refractive index of mixed films simplifies the optical thin-film design. Mixed film techniques have been used in many areas of optical thin-film application such as integrated optical waveguides, 1,2 rugate filters, [3] [4] [5] antireflection and notch filters. 6, 7 The properties of mixed films such as structure, refractive index, and composition depend on the deposition process and the material. There have been reports on the double electron-beam coevaporation of mixed films of ZrO 2 -MgO, 8 10 and double ion-beam cosputter 7, 11 of TiO 2 -SiO 2 mixed films, but the structures of the films were not given. We previously reported the properties of TiO 2 -SiO 2 mixed films prepared by the fast alternating sputter method, 12 in which the structure of the mixed films was amorphous in a wide composition range. The amorphous structure of mixed films is important in reducing the scattering loss of optical thin film. This motivated us to investigate further the properties of TiO 2 -SiO 2 mixed films deposited by use of the electron-beam method, which is more conventional and easier to implement for mass production.
In this paper we report our results on the properties of TiO 2 -SiO 2 mixed films prepared by double electron-beam coevaporation. The deposition process, structure, composition, optical properties, and surface morphology of the films are given. Theoretical models for the refractive index of mixed films were analyzed. An example of antireflection coating on a silicon wafer by mixed films is also given.
Deposition Process
The coating chamber used in this experiment was a Balzers BAP800 box coater. Figure 1 shows the configuration of the coating chamber. There were two 15-kW electron-beam guns located at opposite sides in the chamber, and a shield plate was placed between the guns to avoid cross contamination. A quartz crystal monitor was used to monitor the evaporation rate of the gun, a separate one for each gun. The evaporation rate of each gun was controlled by a computer through the feedback signal from the quartz crystal monitor. Oxygen was fed into the chamber during the deposition process. The flow rate of the oxygen was also controlled by a computer through a regulated valve to maintain the oxygen partial pressure at a fixed value. The substrates were rotated on the rotary dome and were heated during deposition. The substrate temperature was also computer controlled by a thermocouple to maintain the temperature at a fixed value during deposition.
The substrates that we used in the experiments were 24-mm-diameter and 1-mm-thick Corning 0211 alkali-borosilicate glass. The substrates were subjected to a 3:7 alcohol:ethyl ether solution for degreasing, and Balzers BD481901 isopropanol-based detergent for cleaning.
In order to control the ratio of TiO 2 and SiO 2 in the mixed film, first, pure TiO 2 films were deposited from one gun and the quartz crystal monitor for this gun was calibrated for TiO 2 deposition rate by measuring the thickness and the refractive index of the films from the transmission spectrum of the film. The same procedure was followed for pure SiO 2 film deposited from the other gun and monitored by its crystal monitor. Then the computer controlled the power to each gun to maintain the deposition rate reading of the crystal monitors at preset relative values that were determined according to the requirement of the TiO 2 -SiO 2 ratio for the film.
The baseline vacuum level was 2.5 3 10 25 mbar. The substrate temperature was 250°C. The evaporation sources were 99.5% pure TiO 2 tablets in one gun and 99.98% pure SiO 2 particles in the other gun. Soaking processes were performed before evaporation to obtain molten sources.
Four different ratios of the mixed film were made as shown in Table 1 . We observed that the absorption of pure TiO 2 films varied with the deposition rate for a given oxygen partial pressure, which, in general, resulted in higher absorption for a higher rate. Therefore, different oxygen partial pressures had to be maintained for deposition films of different ratios. The oxygen partial pressures for deposition of the films listed in Table 1 were 1.6 3 10 24 , 2.0 3 10 24 , 2.4 3 10 24 , and 4 3 10 24 mbar in order of increasing TiO 2 ratio. At these oxygen partial pressures, the pure TiO 2 films deposited at their respective rates were transparent.
Results and Discussions

A. Composition
We used Rutherford backscatter spectroscopy 1RBS2 to analyze the composition of mixed films to avoid the charge accumulation problem that is often encountered with electronic-type composition analysis tools for dielectric films. 13 Samples were analyzed by using a 2-MeV 4 He 1 beam with 100-nA current. The monoenergetic 4 He 1 ion beam was collimated to a size of approximately 1 mm in diameter and hit the target in a direction normal to the target surface. A surface barrier detector was used to detect the scattered particles at a scattering angle of 165°. The ideal energy spectrum n1E2 of the detected particle is given by n1E2dE 5 IQS1E 1 2C1x2dx, where I is the total number of particles incident on the target, Q is the solid angle spanned by the detector, S1E 1 2 is the Rutherford cross section, and C1x2 is the target atomic concentration at depth x.
If we assume that Table 1 shows the mole composition ratio of the corresponding films of Fig. 2 .
B. Structure
Glazing angle x-ray diffraction and atomic force microscopy 1AFM2 were used to investigate the structure and surface morphology of the mixed films. Figure 3 shows a typical x-ray diffraction result of the mixed films of Table 1 ; all the films have a similar structureless x-ray diffraction pattern. The structures of the mixed films were all amorphous. According to Ref. 8, ZrO 2 -SiO 2 mixed films started to show a polycrystalline structure when the SiO 2 content was 17%, and ZrO 2 -MgO mixed films started to show a polycrystalline structure when the MgO composition was 41%. But both Fig. 3 and Table 1 show that the structure of TiO 2 -SiO 2 mixed films prepared by double electron-beam coevaporation is amorphous for a SiO 2 content of as low as 11%. The amorphous structure was obtained previously for TiO 2 -SiO 2 mixed films prepared by a fast alternating sputter method. 12 The energy of the atoms that impact the substrate during the deposition process is at least ten times different between electron-beam evaporation and the sputtering process. In both processes, the substrates were heated to 250 and 85°C, respectively, which favored the formation of a polycrystalline structure, and yet both results showed an amorphous structure for the mixed films. Based on these results, one can observe that TiO 2 -SiO 2 mixed films have a strong tendency to form an amorphous structure, and this property seemed to be relatively independent of the deposition method used. Figures 41a2 and 41b2 show the AFM pictures of a pure TiO 2 film surface with 1 µm 3 1 µm and 10 µm 3 10 µm scanning areas, respectively. The center portion of Fig. 41b2 reveals a cross-sectional view of the film from a crack. A square shape columnar polycrystal structure of pure TiO 2 film can easily be seen from these pictures. Figure 41c2 shows the AFM picture of the mixed film with a 1 µm 3 1 µm scanning area. Its structureless surface, in contrast with that of pure TiO 2 film, is consistent with the amorphous structure found from x-ray diffraction. AFM software calculation for the surface roughness of these two samples shows that the surface roughnesses were 2.76 nm for mixed film and 4.97 nm for pure TiO 2 film, respectively. The smoother surface of the mixed film is consistent with the x-ray diffraction and AFM observation of the amorphous structure.
In this experiment and the experiment in Ref. 12 , it was technically difficult to maintain a stable low SiO 2 
composition in mixed films for the formation of an amorphous structure. This information would be useful for two reasons: First, it would be helpful in producing a gradient-index film and a rugate filter. Second, if only a small amount of SiO 2 were needed in TiO 2 film to change the structure of the film from polycrystalline to amorphous while a high refractive index of the film is still maintained, then the polycrystalline TiO 2 film in a conventional multilayer design could be replaced by the mixed film in an amorphous structure with a small SiO 2 content for applications in which low optical scattering is required. If this were so, we would expect that the scattering loss of a conventional TiO 2 -SiO 2 quarter-wave multilayer dielectric laser mirror could be further reduced, in addition to the reduction one can achieve by using the optimum pair multilayer design, 15, 16 by replacing the TiO 2 film with a mixed film of small SiO 2 content in the optimum pair multilayer design.
C. Optical Properties
Figures 5 and 6 show the transmission spectra of the mixed films listed in Table 1 . Figure 7 shows the refractive-index dispersion curves for the mixed films that were calculated from Figs. 5 and 6 by using the method outlined in Ref. 17 . With this method, refractive indices at various wavelengths are first obtained from the minimum and maximum values of the transmission spectrum. The thickness and transmission spectrum fringe order number are then obtained from the refractive indices and wavelength. When we round off the fringe number to the nearest integer and iterate the calculation one more time, the final refractive index and thickness can be obtained for each wavelength. The thick- nesses so obtained for each wavelength were very close, to within a few nanometers. An average value was taken as the thickness of the film. These average values from calculation are compared with the thicknesses measured with an a-step surface profiler as listed in Table 2 . The dispersion curves in Fig. 7 were obtained by fitting the experimental data to the second-order Cauchy formula:
The coefficients of the Cauchy formula for each sample are listed in Table 3 . Figure 7 shows that the refractive index of the mixed films changes from pure SiO 2 to pure TiO 2 as the TiO 2 content in the mixed films increases. TiO 2 -rich films showed higher dispersion than the SiO 2 -rich films, which is consistent with the fact that pure TiO 2 is more dispersive than pure SiO 2 film in the visible wavelength range. In comparison with the results outlined in Ref. 12 , the refractive index of the mixed films prepared by double electron-beam coevaporation is lower than that for films prepared by fast alternating sputter, although the pure TiO 2 films prepared by both methods have approximately the same refractive index. In both methods, substrate temperature, oxygen partial pressure, etc. were optimized for TiO 2 deposition in order to obtain the highest index possible for TiO 2 film. Therefore, the refractive index for TiO 2 film prepared by both methods was approximately the same. Deposited under conditions that were optimized for TiO 2 , the SiO 2 film had a lower refractive index when prepared by evaporation than by sputter. Therefore, the refractive index of mixed films prepared by coevaporation was lower than that for films prepared by fast alternating sputter because of the lower index of SiO 2 in the mixed films.
D. Theoretical Refractive-Index Model for Mixed Films
There are established models for the refractive index of mixed films. Thorough reviews of these models have been given in Refs. 18-21. We chose the following five representative models to fit our experimental data, the formulas of which are as follows: Drude model
linear model
Bruggeman effective medium approximation 1EMA2 model
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In Eqs. 112-152, n is the refractive index of the mixed film, n 1 is that of the SiO 2 phase in the mixed film, n 2 is that of the TiO 2 phase in the mixed film, f 1 and f 2 are the volume fraction of SiO 2 and TiO 2 phases in the mixed film, respectively. Despite the composition and structure of the mixed films, Eqs. 112 and 152 give the upper and lower bounds for which no screening and maximum screening were considered. 20, 21 We converted the mole fraction of the mixed films obtained from RBS into volume fraction by assuming that the volume of the formula unit of TiO 2 in the mixed film is the same as that in the anatase phase, which is the crystalline phase of the 100% TiO 2 film deposited under our conditions. The volume of the formula unit of SiO 2 in the mixed film is assumed to be the same as that in fused silica. The mass density of anatase TiO 2 , 3.893 g@cm 3 , 22 and the mass density of fused silica, 2.202 g@cm 3 , 23 were used for the conversion. The volume fractions of the mixed films are shown in the third row of Table 1 .
We used a least-squares fit to fit various models to the experimental data:
In this equation n exp is the experimentally obtained refractive index of the mixed film from Fig. 7 and n model is the refractive index of the mixed film calculated from the models of Eqs. 112-152. The fittings were done for the refractive index at 550-nm wavelength.
The structures of the mixed films in our case were all amorphous. We expect that the refractive index of the SiO 2 phase in the mixed film equals that of 100% SiO 2 pure film, which also has an amorphous structure. Because the refractive index of the amorphous phase is generally lower than that of the crystalline phase, we would expect the refractive index of the amorphous TiO 2 phase in the mixed film to be lower than that of the 100% TiO 2 pure film, which has the structure of anatase polycrystalline. Therefore, in the least-squares fit process, we let n 1 equal 1.46 for all the models, which is the refractive index of 100% SiO 2 pure film at 550-nm wavelength obtained from Fig. 7 . We let n 2 be an adjustable parameter in the fitting. The least-squares fit process was used to determine an n 2 that would minimize DQ for each model. The criteria for a good model are that DQ be the smallest among all the models and n 2 for that model should be smaller than 2.39, which is, from Fig. 7 , the refractive index at 550-nm wavelength of 100% TiO 2 anatase polycrystalline film. Table 4 shows the results of the least-squares fit. All the n 2 are located at a global minimum. The linear model and the Bruggeman EMA model have the smallest DQ, and the refractive indices n 2 of the amorphous TiO 2 phase in the mixed film for these two models are lower than that for the polycrystalline anatase TiO 2 phase, which satisfies the criteria for a good model as defined above. There is no physical basis for the linear model except for its mathematical simplicity. However, the Bruggeman EMA model suggests that the amorphous TiO 2 and SiO 2 phases were embedded in a host medium of the effective medium itself and were mixed in the film on a random basis. The microstructure of the phases was spherical as suggested implicitly by the Bruggeman EMA model. 21 When this is the case, the size of the spherical particle must be less than approximately 2.5 nm, which was the AFM resolution power for the picture in Fig. 41c2 . Therefore, the large boundary area-to-volume ratio of the TiO 2 and SiO 2 particles would play a dominant role in preventing the formation of an ordered TiO 2 phase. In other words, the stable configuration of the TiO 2 phase is determined not only by the intrinsic material properties of TiO 2 but the surrounding medium also plays a dominant role.
E. Example of Application
For a given substrate with refractive index n s , the ideal single-layer antireflection coating for this substrate must have a refractive index of OE1n s 3 n 0 2, where n 0 is the refractive index of air. It is often difficult to find a material with an exact refractiveindex value. Mixed film can serve this purpose easily.
We have coated a single layer of mixed film with a composition of TiO 2 :SiO 2 5 59:41 onto a silicon wafer substrate by using double electron-beam coevaporation. Figure 8 shows the reflection spectra of a silicon wafer substrate with and without this singlelayer antireflection coating. At the selected wavelengths, the reflectance reduced from between 30% and 40% to nearly 0%. 
Conclusion
We have shown that the TiO 2 -SiO 2 mixed films prepared by double electron-beam coevaporation have a large range of refractive-index adjustment. The structure of the mixed films is amorphous for a SiO 2 content of as low as 11%. The amorphous structure gives a smoother surface for the mixed films. The optical properties of the mixed films change from pure TiO 2 to pure SiO 2 as the content of SiO 2 increases. The mixed films have lower dispersion than pure TiO 2 film. Our results are consistent qualitatively with the results of Ref. 12 , suggesting that the properties of TiO 2 -SiO 2 mixed films are not strongly dependent on the deposition method. The linear and Bruggeman effective medium approximation models fit the experimental data better than other models for amorphous TiO 2 -SiO 2 mixed films. 
